The activity of dopaminergic (DA) substantia nigra (SN) neurons is essential for voluntary movement control. An intrinsic pacemaker in DA SN neurons generates their tonic spontaneous activity, which triggers dopamine release. We show here, by combining multiplex and quantitative real-time single-cell RT± PCR with slice patch±clamp electrophysiology, that an A-type potassium channel mediated by Kv4.3 and KChip3 subunits has a key role in pacemaker control. The number of active A-type potassium channels is not only tightly associated with the pacemaker frequency of individual DA SN neurons, but is also highly correlated with their number of Kv4.3L (long splice variant) and KChip3.1 (long splice variant) mRNA molecules. Consequently, the variation of Kv4a and Kv4b subunit transcript numbers is suf®-cient to explain the full spectrum of spontaneous pacemaker frequencies in identi®ed DA SN neurons. This linear coupling between Kv4a as well as Kv4b mRNA abundance, A-type channel density and pacemaker frequency suggests a surprisingly simple molecular mechanism for how DA SN neurons tune their variable ®ring rates by transcriptional control of ion channel genes. Keywords: Kv4/KChip/pacemaker activity/dopaminergic neurons/quantitative real-time TaqMan PCR Introduction Dopaminergic (DA) midbrain neurons are essential for important brain functions such as voluntary movement, working memory and reward (Kitai et al., 1999; Spanagel and Weiss, 1999; Goldman-Rakic et al., 2000) . They are also closely involved in the aetiology of neuropsychiatric disorders including schizophrenia, drug abuse and Parkinson's disease (Spanagel and Weiss, 1999; Abi-Dargham et al., 2000; Obeso et al., 2000) . Thus, it is of great interest to de®ne the molecular mechanisms that control electrical activity of DA midbrain neurons and consequently dopamine release. Best studied are the DA neurons in the substantia nigra (SN, A9) that release dopamine in their striatal target areas (Onn et al., 2000; Smith and Kieval, 2000) . In vivo, these classical striatonigral DA neurons discharge in a pacemaker or irregular single spike mode and less frequently show burst activity (Grace and Bunney, 1984a,b; Kitai et al., 1999) . In brain slice preparations, the regular pacemaker mode is retained even during inhibition of synaptic transmission (Grace and Onn, 1989; Lacey et al., 1989) , indicating that the pacemaker activity of DA SN neurons is autonomously generated. Spontaneous electrical activity is believed to originate from intrinsic calcium-dependent oscillations of the membrane potential (Grace, 1991) . The tuning of this basic oscillator is mediated by ion channels that operate in the subthreshold range and thus determine the frequency of this cellular pacemaker. Little is known about the molecular identity of the ion channels that control this neuronal pacemaker. Ever since the classic work of Connor and Stevens (1971a,b) in invertebrate neurons a general role for A-type potassium channels in frequency control has been assumed (Rudy, 1988; Grace, 1991; Coetzee et al., 1999) . In the mammalian CNS, there is good evidence that members of the Kv4 (KCND1-3) gene family (Isbrandt et al., 2000) form the a subunits of these A-type potassium channels (Serodio et al., 1996; Serodio and Rudy, 1998) . The recently cloned KChip (KCNIP1-4) gene family provide Kv4b subunits . In this study, we characterized the biophysical properties of A-type potassium channels in classical DA SN neurons, de®ned their key role in pacemaker control, and determined molecular identity and transcript numbers using single-cell RT±PCR techniques.
Introduction
Dopaminergic (DA) midbrain neurons are essential for important brain functions such as voluntary movement, working memory and reward (Kitai et al., 1999; Spanagel and Weiss, 1999; Goldman-Rakic et al., 2000) . They are also closely involved in the aetiology of neuropsychiatric disorders including schizophrenia, drug abuse and Parkinson's disease (Spanagel and Weiss, 1999; Abi-Dargham et al., 2000; Obeso et al., 2000) . Thus, it is of great interest to de®ne the molecular mechanisms that control electrical activity of DA midbrain neurons and consequently dopamine release. Best studied are the DA neurons in the substantia nigra (SN, A9) that release dopamine in their striatal target areas (Onn et al., 2000; Smith and Kieval, 2000) . In vivo, these classical striatonigral DA neurons discharge in a pacemaker or irregular single spike mode and less frequently show burst activity (Grace and Bunney, 1984a,b; Kitai et al., 1999) . In brain slice preparations, the regular pacemaker mode is retained even during inhibition of synaptic transmission (Grace and Onn, 1989; Lacey et al., 1989) , indicating that the pacemaker activity of DA SN neurons is autonomously generated. Spontaneous electrical activity is believed to originate from intrinsic calcium-dependent oscillations of the membrane potential (Grace, 1991) . The tuning of this basic oscillator is mediated by ion channels that operate in the subthreshold range and thus determine the frequency of this cellular pacemaker. Little is known about the molecular identity of the ion channels that control this neuronal pacemaker. Ever since the classic work of Connor and Stevens (1971a,b) in invertebrate neurons a general role for A-type potassium channels in frequency control has been assumed (Rudy, 1988; Grace, 1991; Coetzee et al., 1999) . In the mammalian CNS, there is good evidence that members of the Kv4 (KCND1-3) gene family (Isbrandt et al., 2000) form the a subunits of these A-type potassium channels (Serodio et al., 1996; Serodio and Rudy, 1998) . The recently cloned KChip (KCNIP1-4) gene family provide Kv4b subunits . In this study, we characterized the biophysical properties of A-type potassium channels in classical DA SN neurons, de®ned their key role in pacemaker control, and determined molecular identity and transcript numbers using single-cell RT±PCR techniques.
Results
Biophysical and pharmacological properties of A-type potassium channels in DA SN neurons In accordance with our previous study, classical DA SN neurons in mouse midbrain slices displayed prominent subthreshold A-type potassium currents, in contrast to GABAergic SN neurons . In voltage clamp recordings, A-type potassium currents were the dominant outward currents in DA SN neurons when the membrane was stepped to potentials greater than ±50 mV ( Figure 1A ). These currents inactivated with a dominant time constant of~30 ms. In standard whole-cell recordings, the fast time constant of inactivation (tau-i 1 ) was normally distributed with a mean of 33.2 T 8.1 ms ( Figure 1B ; mean T SD, n = 100), consistent with the presence of a single species of A-type channel. To ensure that we recorded genuine gating properties, we compared their properties with those in cell-free nucleated outsideout patches (Paoletti and Ascher, 1994) (Figure 1C and D) . The gating kinetics were similar in outside-out recordings compared with standard whole-cell, and the inactivation time constants were normally distributed with a mean of 25.4 T 8.7 ms (mean T SD, n = 22). The voltage Tuning pacemaker frequency of individual dopaminergic neurons by Kv4.3L and KChip3.1 transcription The EMBO Journal Vol. 20 No. 20 pp. 5715±5724, 2001 ã European Molecular Biology Organization dependence of A-type channel activation in cell-free patches is shown in Figure 1E . In contrast, A-type inactivation kinetics were largely voltage independent ( Figure 1F ). A two-pulse protocol with variable interpulse intervals was used to study their recovery from inactivation in nucleated outside-out patches ( Figure 1G ): native A-type channels recovered with a mean time constant of 172 T 17 ms ( Figure 1H ; n = 6), which was signi®cantly slower than the recovery in standard whole-cell (Table I) . Steady-state parameters derived from whole cell and outside-out recordings are summarized in Table I . A-type currents in DA SN neurons were insensitive to 20 mM tetraethylammonium chloride (TEA; n = 6, data not shown) and 200 nM a-dendrotoxin (DTX; n = 5, data not shown), but were inhibited by 4-aminopyridine (4-AP) with a mean IC 50 of 488 T 133 mM (Figure 2A and B; n = 5, ®t of means = 472 mM, Hill = 1.0). In the presence of 4-AP, inactivation kinetics were slowed (Figure 2A) , consistent with preferential closed-state 4-AP binding as described for recombinant Kv4 channels (Tseng et al., 1996) and somato-dendritic A-type channels in other neurons (Song et al., 1998) . The A-type current was selectively inhibited by nM concentrations of the Kv4-speci®c channel blocker heteropodatoxin3 (HpTx3) (Sanguinetti et al., 1997) , with an IC 50 of 81.0 T 4.0 nM ( Figure 2C and D, n = 4±6).
A-type potassium channel density controls pacemaker frequency in DA SN neurons Classical DA SN neurons displayed a normally distributed spectrum of spontaneous ®ring frequencies between 0.4 and 4 Hz with a mean of 1.3 T 1.1 Hz ( Figure 3A ; n = 146). The A-type current amplitudes in DA SN neurons also varied between 0.3 and 15 nA at ±40 mV (data not shown). To investigate whether A-type potassium channels are candidates for tuning discharge frequencies of individual DA SN neurons, we recorded whole-cell A-current amplitudes at ±40 mV and calculated the respective A-type charge transfer densities to account for the small variations in cell size and inactivation kinetics. The normal frequency distribution of A-type channel charge densities had a mean of 2.7 T 3.0 pC/pF ( Figure 3B ; n = 120). To assess a direct correlation between pacemaker frequency and A-type channel charge density, we recorded spontaneous activity as well as A-type potassium currents in the same DA SN neurons. A strong linear correlation between these two parameters (r = 0.94, slope = ±2.01, n = 16) was detected over the full physiological range (Figure 3C, compare 3A and B) . To demonstrate a direct role of A-type channels for frequency control, we applied different concentrations of the Kv4-speci®c blocker HpTx3 (2±100 nM) in the current clamp con®guration. Speci®c A-type channel inhibition by HpTx3 reversibly accelerated the discharge frequencies in a dose-dependent manner ( Figure 4A , upper panel). To determine the degree of A-type channel inhibition in the same cells, we subsequently pulled outside-out patches and applied the same HpTx3 concentration to measure the degree of A-type channel inhibition ( Figure 4A , lower panel). These combined whole-cell/outside-out experiments revealed a strong linear correlation between the degrees of HpTx3-induced spike frequency increases and of HpTx3-induced A-type channel inhibition ( Figure 4B ; r = 0.96, slope = 1.78, n = 4±6). As estimated from the correlation shown in Figure 4B , complete inhibition of A-type channels accelerates ®ring frequencies 2.7-fold in DA SN neurons. As the EC 50 for HpTx3-induced frequency increase ( Figure 4C ; 79.8 T 4.3 nM) is almost identical to the IC 50 for HpTx3 inhibition of A-type (G) Double-pulse experiments (±40 mV) with varying interpulse intervals at ±80 mV revealed the kinetics of the recovery from inactivation of A-type potassium channels in DA SN neurons. Current responses to the second pulse after varying interpulse intervals between 25 and 400 ms recorded in nucleated outside-out patches are shown. (H) The mean recovery from inactivation in nucleated outside-out patches with an interpulse holding potential of ±80 mV was well described by a single exponential function with a time constant of 172 ms (n = 6). The mean time constant of recovery calculated from ®ts of recovery in individual patches was 170 T 17 ms (n = 6). channels ( Figure 2D ; 81.0 T 4.0 nM), these quantitative data strongly suggest that the number of active A-type channels exerts a powerful control over the discharge rates of DA SN neurons.
Molecular composition of A-type potassium channels in DA SN neurons To identify the molecular composition of A-type potassium channels in DA SN neurons, we combined patch± clamp recordings with single-cell RT-multiplex±PCR (Lambolez et al., 1992) , to probe for the expression of the relevant A-type channel a subunit candidate genes Kv4.1, Kv4.2 and Kv4.3 as well as Kv1.4 (Stuhmer et al., 1989) , and Kvb1.1 (Rettig et al., 1994) . The primer pairs for Kv4.3 were designed to distinguish between the short (Kv4.3M) and the long (Kv4.3L) splice variants (Ohya et al., 1997; Isbrandt et al., 2000) . For phenotypic identi®cation of dopaminergic and GABAergic SN neurons, we probed in parallel for the expression of two neuronal markers, tyrosine-hydroxylase (TH) and l-glutamate-decarboxylase (GAD 67 ). Figure 5A shows that all mRNAs, including both splice variants of Kv4.3, were detected using highly diluted mouse midbrain cDNA as a PCR template (<10 fmol template cDNA, positive control). With this protocol, we analysed the mRNA expression of A-type potassium channel subunits in single DA Steady-state activation V 50 = ±27.1 T 1.4 mV V 50 = ±28.6 T 2.2 mV slope = 6.5 T 1.2 mV (n = 16) slope = 10.2 T 1.0 mV (n = 6) Steady-state inactivation V 50 = ±64.1 T 1.2 mV V 50 = ±77.1 T 1.4 mV slope = 7.6 T 1.2 mV (n = 16) slope = 6.6 T 1.1 mV (n = 6) Recovery from inactivation (tau-r at ±80 mV) 29.5 T 4.3 ms (n = 7) 172 T 17 ms (n = 6)
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SN neurons with fast-inactivating A-type potassium currents. All analysed neurons displayed a homogeneous expression pattern of only TH and Kv4.3L mRNA ( Figure 5B ; n = 32). The inactivation time constants of A-type channels in these genotyped DA SN neurons were again normally distributed with a mean of 27.0 T 9.5 ms ( Figure 5C ; mean T SD, n = 32). In additional sets of experiments, we also probed for the expression of Kv3.4 subunits that build a TEA-sensitive A-type potassium channel Schroter et al., 1991) . We did not detect Kv3.4 mRNA in any of the tested TH-and Kv4.3L-positive neurons (n = 7; data not shown).
To identify the possible contribution of Kv4b subunits to the A-type potassium channels in DA SN neurons, we probed for the expression of the relevant candidate gene family, KChip1±4 . Primers were designed to detect and discriminate all currently described KChip splice variants: KChip1, KChip2.1±2.5, KChip3.1/ 3.2 and KChip4.1/4.2 Bahring et al., 2001; Ohya et al., 2001; Sprea®co et al., 2001; Dr D.Isbrandt, personal communication) . As shown in Figure 5D , all mRNAs for KChip1±4 were detected using highly diluted mouse whole-brain cDNA as PCR template, with KChip2.4, KChip3.1 and KChip4.1 being the prominent splice variants (note also the smaller KChip3.2 PCR band). The single-cell KChip1-4 expression pro®ling demonstrated that DA SN neurons with fast inactivating A-type currents expressed only the long splice variant of KChip3, KChip3.1 (Figure 5E and F; mean T SD, 28.3 T 12.0 ms, n = 12). Sequencing of the KChip3.1 PCR fragment, ampli®ed from single DA SN neurons, identi®ed the KChip3.1 T + variant, which contains four Fig. 4 . A-type potassium channels control pacemaker frequencies in DA SN neurons. (A) Upper panels: current clamp whole-cell recording of pacemaker activity of a DA SN neuron under control, in the presence of 100 nM HpTx3, and after washout of the toxin (broken lines at ±40 mV). After current clamp recording, an outside-out patch was pulled from the same neuron and the effect of 100 nM HpTx3 on the A-type current elicited by a voltage step to ±40 mV from a holding potential of ±100 mV was recorded (lower panel) to correlate the effect of a particular HpTx3 concentration on the frequency and A-type current in the same neuron. (B) Mean data from experiments in (A): the degree of HpTx3-induced frequency increase is tightly coupled to the degree of HpTx3-induced A-current inhibition determined in the same cells. The strong linear correlation (r = 0.96, slope = 1.78, n = 4±6) predicts a 2.7-fold (+170%) increase of pacemaker frequencies with complete inhibition of A-type channels. (C) Mean dose-response for HpTx3-induced frequency increase in DA SN neurons: EC 50 =79.8 T 4.3 nM (mean TSD of ®t), Hill coef®cient of 2.1 (n = 4±6) is virtually identical to the IC 50 of HpTx3-induced A-channel inhibition (see Figure 2D) . additional nucleotides at the beginning of exon three, compared with the KChip3 T ± variant (Sprea®co et al., 2001 ). Double-labelling immunocytochemistry con®rmed at the protein level that Kv4.3 was expressed in identi®ed (TH immunopositive) DA SN neurons (Figure 6 ). In accordance with the single-cell RT±PCR data, Kv4.2 protein was not detected in TH-positive midbrain neurons (data not shown).
Kv4.3L and KChip3.1 mRNA abundance linearly correlates with A-type potassium channel density in DA SN neurons As we identi®ed Kv4.3L and KChip3.1 as the only a and b subunits of fast inactivating A-type potassium channels in DA SN neurons, we studied a possible direct link between Kv4.3L and KChip3.1 mRNA abundance and the number of functional A-type channels at the level of individual cells. For this purpose, we developed Kv4.3-and KChip3-speci®c quantitative single-cell RT±PCR protocols, based on the real-time¯uorescence TaqMan approach (Bustin, 2000; Medhurst et al., 2000) . In control experiments, we characterized the performance of the Kv4.3 and KChip3 assays over a large range of template concentrations between 1 and 1 000 000 dsDNA molecules. A TaqMan real-time PCR result for different Kv4.3 template numbers is shown in Figure 7A , plotting the relative¯uorescence intensity (R f ) against the number of PCR cycles. The same data were plotted on a logarithmic scale for a better identi®cation of the exponential PCR ampli®cation phase, and to set a¯uorescence threshold of ampli®cation detection ( Figure 7B ; cycle threshold, C t line). These data show the high reproducibility of the Kv4.3 PCR assay and the independence of ampli®cation kinetics from the template concentration. This allowed the generation of a C t value standard curve (r = 0.999, slope = ±3.41, intercept = 40.47) for absolute quanti®cation of single-cell Kv4.3 cDNA molecules ( Figure 7C ; n = 4 parallel experiment). The mean slope of ±3.41 T 0.05 was close to the theoretical value of ±3.32 (±1/log2) for a perfect PCR reaction that exactly doubles the number of template molecules with each cycle. A similar C t value standard curve was obtained for KChip3 (r = 0.998, slope = ±3.45, intercept = 39.66, n = 4 parallel experiments; data not shown). Figure 8A shows single-cell real-time PCR results for two individual DA SN neurons with an~4-fold difference in A-type channel densities (left panels). Quantitative RT±PCR analysis of both cells revealed a single-cell C t value difference of about two, corresponding to a 4-fold difference in Kv4.3 expression levels (right panels). Based on our absolute standard ( Figure 7C ), we detected a spectrum of Kv4.3L expression between 6 and 68 cDNA molecules, using the cDNAs from single, electrophysiologically characterized DA SN neurons as templates for real-time PCR ( Figure 8B ; n = 21). Again, the inactivation time constants of A-type channels in these neurons, genotyped by real-time PCR, were normally distributed with a mean of 32.8 T 5.5 ms (mean T SD, n = 21). To assess a direct correlation between single-cell Kv4.3 (green) and TH immunoreactivity (red) in the substantia nigra. Scale bars: 100 mm. Lower panels: Kv4.3 (green) and TH immunoreactivity (red) of a single DA SN neuron at high resolution. Scale bars: 10 mm.
expression of Kv4.3L mRNA molecules and A-type potassium channel density, we plotted the number of calculated Kv4.3L cDNA molecules in individual neurons against their A-type channel charges, as well as against their A-type channel charge densities ( Figure 8B ). The numbers of Kv4.3L cDNA molecules were highly correlated to the total number, as well as to the density of functional A-type channels, over the complete physiological range at the level of individual DA SN neurons ( Figure 8B left panel, r = 0.90, slope = 8.14; right panel, r = 0.91, slope = 0.22, n = 21).
To control for the speci®city of this quantitative singlecell genotype/phenotype correlation we developed quantitative PCR assays for b-actin and the dopaminergic marker genes vesicular monoamine transporter 2 (VMAT2) (Takahashi and Uhl, 1997) , dopamine transporter (DAT) (Wu and Gu, 1999) and tyrosine hydroxylase (TH, see Materials and methods). The mRNA abundances of all four genes also varied signi®cantly at the level of single DA SN neurons but were not correlated to the number or density of functional A-type channels (b-actin, r = 0.14, slope = 0.003, n = 18; VMAT2, r = 0.21, slope = ±0.004, n = 18; Figure 8C , DAT, r = 0.05, slope = 0.0008, n = 18 and TH, r = 0.21, slope = 0.00002, n = 18; data not shown). Figure 9A shows KChip3 single-cell real-time PCR results for two individual DA SN neurons, again with añ 4-fold difference in A-type channel densities and añ 2-fold difference in C t -values. Based on the KChip3 standard, we detected a spectrum of KChip3.1 expression between two and 26 cDNA molecules, (n = 13). The mean inactivation time constant of A-type channels in these KChip3 genotyped neurons was 27.8 T 2.4 ms (n = 13). Analogous to the results for Kv4.3, the numbers of KChip3.1 cDNA molecules were also highly correlated to the total number and to the density of functional A-type channels ( Figure 9B , left panel, r = 0.90, slope = 17.4; right panel, r = 0.92, slope = 0.30, n = 13). In summary, our results explain the full spectrum of pacemaker frequencies in DA SN neurons by single-cell variations in the number of active A-type channels, which in turn are closely correlated to the levels of Kv4.3L as well as KChip3.1 mRNA transcripts.
Discussion
A-type channels control spontaneous activity in dopaminergic SN neurons The presence of A-type potassium channels in DA SN neurons has been reported in several studies (Silva et al., 1990; Grace, 1991; Liss et al., 1999) , but a biophysical and pharmacological characterization including the veri®ca-tion of gating properties in cell-free patches has not yet been provided. We show here that A-type potassium channels in classical DA SN neurons have properties that are consistent with heterologously-expressed Kv4/KChip potassium channels (Table I ; compare, Serodio et al., 1996; Dilks et al., 1999; Faivre et al., 1999; Franqueza et al., 1999; An et al., 2000) . In agreement with this homogeneous biophysical pro®le, qualitative single-cell multiplex RT±PCR also displayed a homogeneous expression pro®le of only the long splice variants of Kv4.3 and KChip3 in DA SN neurons. In recombinant systems, coexpression of KChip1 and KChip2 with Kv4a subunits enhanced channel surface expression and modi®ed gating properties. The biophysical modi®cation induced by KChip coexpression, i.e. the degree of activation shift to negative potentials, the slowing of inactivation and acceleration of recovery from inactivation of A-type channels, was not only dependent on the particular KChip gene but also on the KChip splice variant present Bahring et al., 2001; Nakamura et al., 2001; Ohya et al., 2001) . In this context, coexpression of the speci®c combination of Kv4.3L/KChip3.1 splice variants in DA SN neurons might be tailored to their speci®c function in pacemaker control. Future studies will show whether Kv4.3L and KChip3.1 subunits form functional A-type channel complexes in the plasma membrane of DA SN neurons, as was recently described for Kv4.3/KChip1 subunits in cerebellar granule cells (Holmqvist et al., 2001) .
We detected large differences in the amplitudes and densities of fast-inactivating A-type potassium currents in DA SN neurons. These parameters were strongly correlated with the spontaneous pacemaker activities of DA SN neurons, demonstrating an important role of A-type channels in tuning pacemaker activity. The slope of ±2 of this linear correlation indicated a simple rule for A-type channel-mediated frequency control: doubling of A-type channel charge density reduces the pacemaker frequency by half. The ratio of the population means of A-channel charge densities and pacemaker frequencies of 2.07 is consistent with the rule. Moreover, the quantitative pharmacological data using the selective Kv4 channel blocker HpTx3 demonstrated that A-type channel density and frequency are indeed highly coupled at the level of individual DA neurons.
Quantitative real-time single-cell RT±PCR: Kv4.3L and KChip3.1 expression controls pacemaker activity of DA SN neurons To address a possible quantitative phenotype/genotype correlation between the number of active A-type channels and Kv4.3L or KChip3.1 mRNA transcripts at the level of the individual cell, we developed quantitative real-time single-cell RT±PCR protocols for the detection of these Kv4 a and b subunits, as well as for several control genes, based on the TaqMan technique (Bustin, 2000; Medhurst et al., 2000) . In contrast to previous quantitative singlecell studies, which correlated mean functional phenotypes with mean gene expression at the level of neuronal populations (Baro et al., 1997; Tkatch et al., 2000) , our protocol is the ®rst that provides quantitative comparison between individual neurons. In accordance with these population studies we demonstrate a strong linear correlation between A-type channel charge/density and Kv4.3 as well as KChip3 cDNA molecules over the full physiological range in DA SN neurons. In comparison, density gradients of A-type currents in heart tissue were either correlated with only KChip2 expression but not Kv4.3 (canine, human) or only with Kv4.2 but not KChip2 expression (rat) (Rosati et al., 2001) .
Single-cell analysis of four different control genes (b-actin, VMAT2, DAT, TH) showed no correlation with the A-type channel density, demonstrating the speci®city of our described genotype/phenotype correlations. It is noteworthy that all analysed control genes displayed large The DA SN neuron with an~4-fold smaller A-type potassium current displayed a C t value of 39.2 (upper panels), which was about two cycles larger compared with that of the other neuron (C t = 37.3). (B) A-type potassium charge and charge densities, and number of KChip3 cDNA molecules were codetermined in 13 DA SN neurons and show strong linear correlation (r = 0.90 and 0.92, respectively) over the full physiological range of both parameters.
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variations in mRNA abundance at the level of individual DA SN neurons. Consequently, these genes are not appropriate for normalization of quantitative RT±PCR data from single DA SN neurons.
From our data, we can estimate the correlation between the numbers of single-cell Kv4.3L and KChip3.1 cDNA molecules and that of functional A-type channels in the plasma membrane. To determine and compare the absolute numbers of mRNA transcripts based on our single-cell cDNA values, one would have to take the ef®ciencies of cDNA synthesis for the different target genes into account. The ef®ciencies of the reverse transcription (RT) can be as low as 1±30%, depending on transcript secondary structure, protein±mRNA complex formation and total RNA copy number (Gerard et al., 1997; Zhang and Byrne, 1999; Bustin, 2000) . Determining the RT ef®ciency in in vitro reactions or even via competitor RNA, directly added to single cell material as an internal standard (Tsuzuki et al., 2001) , might still not fully represent the complex RT behaviour of genuine single-cell mRNA. A direct experimental de®nition of the Kv4.3L or KChip3.1 single-cell RT ef®ciency would provide mRNA/cDNA correction factors, but would have no impact on our major ®nding, the linear correlation between the number of functional A-type channels and the abundance of both Kv4a and Kv4b mRNA.
The correlation described between A-type whole-cell conductance and cDNA molecules of 1.5 nS per Kv4.3L for individual DA SN neurons is similar to those comparing different neuronal populations [~2 nS per Kv4.2 (Tkatch et al., 2000) and~1.25 nS for lobster shal (Baro et al., 1997) ]. This factor is considerably higher for KChip3 (10.8 nS per KChip3 cDNA). Assuming a similar RT ef®ciency of Kv4.3 and KChip3, this might indicate a higher translation ef®ciency of the Kv4b subunit compared with that of the Kv4a subunit. Given an open probability (P o ) of about 0.1 and unitary conductance of recombinant Kv4.3L channels of 18 ps (Wang et al., 2000) , a single Kv4.3 cDNA molecule would correspond to~800 functional Kv4.3 channels, made up of 3200 Kv4.3 subunits (N = macroscopic current/P o *unitary current). A single KChip3 cDNA molecule would correspond tõ 6000 functional channels. These coupling rates between transcription and translation are comparable to those described in a systematic study of mRNA/protein correlation for >100 different genes (correlation~1/4000) in yeast (Futcher et al., 1999) . The linear correlation in DA SN neurons between the size of the active A-type channel pool and Kv4.3 as well as KChip3 transcription implies that downstream regulatory mechanisms might all be coupled in a linear and non-saturating fashion. Future studies might address the interesting question of which signals, including neuronal activity itself, control Kv4.3L and KChip3.1 gene expression (Song et al., 2001; Zhang et al., 2001) , and consequently DA pacemaker frequency and dopamine release.
Physiological role of activity control in DA neurons
There is good evidence that striatal dopamine release is linearly coupled to the electrical activity of DA SN neurons: a decrease in pacemaker frequency of 1 Hz would reduce dopamine release by~10% (Cragg et al., 2000) . While chronic neuroleptic therapy can dramatically decrease electrical activity of DA SN neurons and induce Parkinsonian symptoms (Grace et al., 1997; Boye and Rompre, 2000) , increased striatal dopamine release has been found in schizophrenic patients and is highly correlated with psychotic episodes (Abi-Dargham et al., 2000) . Thus, a better understanding of the molecular mechanisms that control pacemaker activity in DA neurons is essential. Given the ®ndings of this study, Kv4.3L/KChip3.1 A-type channels might provide a novel therapeutic target to modulate the striatonigral dopaminergic system of the brain. (AF305071,   30) 5¢-GAACGTGAGAAGGGTGGAAA-3¢ and mKChip4.1-R35 (615) 5¢-GGGAGCATCTTCCTTGAGG-3¢. Inner primer sequences: mKChip1-F29 (266) 5¢-TTTTGCTTTCTCGCT-TTTCC-3¢; mKChip1-R8 (446) 5¢-TCTTTAGAGGGTCGCCTTTG-3¢; mKChip2.4-F17 (54) 5¢-CTCCTACGACCAGCTCACG-3¢; mKChip2.4-R15 (657) 5¢-TGCAGGGTACGTGTACTTGC-3¢; mKChip3.1-F13 (243) 5¢-TGATGCGTTGCTGCTTAATC-3¢; mKChip3.1-R4 (621) 5¢-TTG-AGCTTCTCATGGACCG-3¢; mKChip4.1-F5 (12) 5¢-AAGGGTGGA-AAGCATCTCG-3¢ and mKChip4.1-R4 (606) 5¢-TTCCTTGAGGAC-CGGGTAT-3¢. All primers were designed to be intron spanning. To investigate the presence and size of the ampli®ed fragments, 15 ml aliquots of PCR products were separated in parallel with a 100 bp ladder by electrophoresis and visualized in 2% agarose gels with ethidium bromide. The predicted sizes (bp) of the PCR-generated fragments were: TH (377), GAD 67 (702), Kv4.1 (152), Kv4.2 (249), Kv4.3L/M (355/298), Kv1.4 (498), Kvb 1.1 (505), Kv3.4 (829), KChip1 (180), KChip2.1(549), KChip2.2 (453), KChip2.3 (648), KChip2.4 (603), KChip2.5 (345), KChip3.1/3.2 (378/312) and KChip4.1/4.2 (594/492). The identities of PCR products were veri®ed by direct sequencing. RT minus controls were negative for all analyzed neurons (n = 9 for Kva subunit protocol, n = 5 for KChip protocol).
Materials and methods
Quantitative real-time single-cell PCR (TaqMan) Hybridization primer/probe assays speci®c for real-time PCR detection of Kv4.3 and KChip3, as well as for b-actin, tyrosine hydroxylase, VMAT2 and DAT were developed according to the recommended criteria using the Abiprism Primer express (Applied Biosystems) software and the TaqMan Mastermix (Applied Biosystems). The sequences of primers and probes were as follows: Kv4.3-F 5¢-CAGCGGTGTCCTGGTCATT-3¢ (1167), Kv4.3-R 5¢-CTCTCTGATTCTGGTGGTAGATCCT-3¢ (1246) and Kv4.3-probe 5¢-CCGGTCCCTGTGATAGTCTCCAACTTTAGC-3¢ (1192); KChip3-F 5¢-TCCCTTTCAGCAGCAGAGATG-3¢ (101), KChip3-R 5¢-AGTGGTATGCGCCCAGGAT-3¢ (189) and KChip3-probe 5¢-TGCCTTCACGGCTTCCTTGGTCCT-3¢ (125); TH-F 5¢-GAA-TGGGGAGCTGAAGGCTTA-3¢ (M69200, 1151), TH-R 5¢-CTGCTG-TGTCTGGTCAAAGG-3¢ (1260) and TH-probe 5¢-CTATGGAGAGCT-CCTGCACTCCCTGTCA-3¢ 1193); b-actin-F 5¢-CCCTAAGGCCAA-CCGTGAA-3¢ (X03672, 413), b-actin-R 5¢-CAGCCTGGATGGCTA-CGTACA-3¢ (495) and b-actin-probe 5¢-ATGACCCAGATCATG-TTTGAGACCTTCAACAC-3¢ (535); VMAT2-F 5¢-CACTGTCCA-GCTCCTCACCAA-3¢ (449), 5¢-VMAT2-R CATAATGCAGAATC-CAGCAAACA-3¢ (541) and VMAT2-probe 5¢-TCATAGGACTTC-TAACCAACAGAATTGGCTATCCAA-3¢ (455); DAT-F 5¢-CCTGTA-CTGGCGGCTATGCT-3¢ (NM_010020, 1628), DAT-R 5¢-GGGAAG-ATGTAGGCTCCATAGTGT-3¢ (1738) and DAT-probe 5¢-AAG-GTCACAATGCTGACCACGACCACATA-3¢ (1677). All probes were 3¢ labelled with TAMRA (6-carboxytetramethylrhodamine) as quencher dye. The hybridization-probes for Kv4.3, VMAT2 and DAT were 5¢-labelled with FAM (6-carboxy¯uoroscein) and the hybridization probes for KChip3 and TH with VIC TM as reporter dye. RT was performed with the same batch of Superscript, random hexamers and dNTPs for all TaqMan-analyzed cells. Single-cell cDNA was puri®ed (B.Liss, patent pending) and used as template in a 50 ml PCR reaction in 1 Q TaqMan Hybridization-probe master mix in the presence of 300 nM of the respective forward primer, 900 or 300 nM (TH and DAT) of the corresponding reverse primer, and 125 nM of the speci®c probes. Realtime PCR was performed in a GeneAmp 5700 thermocycler (Applied Biosystems; PCR program: 2 min at 50°C, 10 min at 95°C, 50 cycles: 15 s at 95°C and 1 min at 60°C), and analyzed with the GeneAmp 5700 software. After de®ning a baseline (normalized background¯uorescence of cycles 6±15) in a linear plot of relative¯uorescence (R f ) against the PCR cycle number, quanti®cation of the initial template molecules was performed by detecting the PCR cycle where the exponentially increasing relative¯uorescence (R f ) crosses a manually set detection threshold (C t ) line, de®ned in a logarithmic plot of R f values against PCR cycles. All data were analyzed at R f = 0.08. For absolute quanti®cation of single-cell cDNA Kv4 .3/KChip3 expression, de®ned amounts of Kv4.3 DNA molecules were used as PCR templates to generate standard curves. Template DNA for standard curves were PCR-generated, puri®ed (Quiaquick Gel Extraction and PCR Puri®cation Kits, Quiagen, UK) and quanti®ed using a BioPhotometer (Eppendorf, Germany).
Immunocytochemistry
Immunocytochemistry was performed as previously described (Wolfart et al., 2001) . Slices were incubated overnight with rabbit anti-rat Kv4.3 or rabbit anti-rat Kv4.2 (both 1:1000, Alomone labs, Israel) and with sheep anti-TH (1:1000, Chemicon, USA), and for 120 min with secondary antibodies (1:1000, Molecular Probes, USA): 488 nm goat anti-rabbit, 546 nm donkey anti-sheep IgG. For negative controls, 1 mg of each antibody and of the respective peptide were preincubated for 1 h prior to immunocyochemistry.
